The detergency effect of trisodium phosphate (Na3PO4) on the removal of irreversibly adsorbed bovine serum albumin (BSA) from alumina (Al203) particles during cleaning with 0.05 M NaOH solution was kinetically studied. The desorption curve of BSA, obtained by plotting the logarithm of the amount of residual BSA against cleaning time, during cleaning with the NaOH solution with and without Na3PO4 could be apparently reduced to the sum of two straight lines with different slopes.
INTRODUCTION
Protein fouling is a severe problem for most biological fluid-handling equipment. Adsorption of proteins onto a contact solid surface takes place spontaneously and often causes the formation of tenacious soils (Norde, 1986) . Protein residues could result in the contamination of the product and decreased functionality of the equipment. Traditionally, alkaline detergents have been used for the removal of proteinaceous deposits in the food industry. Sodium hydroxide is the most common alkaline constituent and it has high alkalinity (Twomey, 1986) . Sodium hydroxide solution is often supplemented with suitable additives such as silicates, phosphates, chelating agents, and surfactants for removing heterogeneous soils, e.g., mineral-protein complex deposits, because they have a synergistic effect when used in conjunction with sodium hydroxide (Jennings, 1965; Twomey, 1968) .
Phosphates, including orthophosphate, pyrophosphate, and polyphosphates, are used primarily as a water softening agent in caustic-based detergents (Twomey, 1968) . Besides, they exhibit several detergent functions, including those of dispersing, emulsifying, and peptizing. Hydroxide ions and (poly)-phosphates can be adsorbed both on most hydrophilic solid surfaces and on bio-polyelectrolytes such as proteins. It is realized that the adsorption of hydroxide ion is equivalent to the desorption of protons. As a result, synergism of hydroxide ions and (poly)-phosphates affects the interfacial properties of solid surfaces and proteins in an aqueous solution, and the action is largely due to "surface-activity" (Koopal, 1985) . However, the role of phosphates, together with hydroxide ion, in displacing adsorbed proteins at solid-liquid interfaces has not been fully understood.
On the other hand, proteins undergo changes in conformation upon adsorption depending on the solid-surface characteristics or time, and the rate of conformational change would then vary among different proteins and from one surface to another (Andrade et al., 1984; Elwing et al., 1988; Krisdhasima et al., 1993) . As a rule, proteins exist in multiple states on a solid surface and there are reversibly and irreversibly adsorbed proteins upon dilution or buffer rinse with and without dispiacers (McGuire and Krisdhasima, 1991; Wahlgren and Arnebrant, 1991) . Apparently, the rate of desorption of proteins during cleaning depends on the magnitude of forces of interaction between the protein and solid surfaces. Jennings (1959) has showed that the removal of milk film from stainless steel by sodium hydroxide solution was kinetically first-order with respect to both the soil mass remaining and the hydroxide ion concentration. Bourne and Jennings (1963) demonstrated that the cleaning curve of chemically pure tristearin on stainless steel by sodium hydroxide solution could be reduced to the sum of two independent simultaneous first-order processes occurring at different rates, suggesting that two species of tristearin were present. The difference between two tristearin species has not been resolved, but can probably be attributed to differences in the attractive forces between the two tristearin species and stainless steel. Furthermore, Jennings (1965) has reviewed that this concept of two distinct soil species covered a wide range of soils, substrates, and cleaning. conditions, and pointed out that the determination of first-order desorption rate constants for the two soil species could be used to evaluate precisely the efficiency or synergism of detergent constituents for soil removal .
In this study, we investigated the effect of trisodium phosphate (Na3PO4), a simple orthophosphate, on the rate of desorption of bovine serum albumin (BSA) from alumina (Al2O3) particles during cleaning with 0.05 M NaOH solution. The desorption curve of BSA , a semi-log plot of the residual BSA versus time, was analyzed by using an integrated model for first-order desorption based on the concept of two soil species. The detergency effects of the NaOH solution alone and that containing Na3PO4 were compared by evaluating the first-order desorption rate constants for the two BSA species on Al203 surfaces. solution (pH5.2) from the bottom of the column for 120min, followed by feeding 0.05 M NaOH solution with and without 0.005 M Na3PO4 for 160 min at a space time (T) of 1.5min as described previously (Urano and Fukuzaki, 2000) . The BSA concentration of each fraction of alkali eluent was measured by the Lowry-Folin method (Lowry et al., 1951) .
THEORY
The concept that two soil species are independently and simultaneously desorbed according to a first-order process was used to analyze the desorption curve of BSA (Bourne and Jennings, 1963) . The assumption was made that the rate of the independent desorption of each of two BSA species can be described by where rf and F s are the amounts of a fasterdesorbing BSA (BSAf) and a slower-desorbing BSA (BSAS) at any given time t, respectively; and kf and ks are the desorption rate constants of BSAf and BSAS, respectively.
Equations 1 a and 1 b can be integrated as follows: 
irreversible. Figure 1 shows typical desorption curves of BSA from Al203 surfaces during cleaning with 0.05 M NaOH solution with and without 0.005 M Na3PO4. In each desorption curve, there exists (i) the lag phase, (ii) the fast desorption phase, and (iii) the slow desorption phase. In the lag phase, it is thought that the exchange of KNO3 solution (rinse solution) for the NaOH solution was taking place and the hydroxide ion concentration was progressively increasing up to 0.05 M, so that the desorption curve was not straight. Excepting the lag phase, the shape of each of the desorption curves was similar to the sum of two independent first-order processes occurring simultaneously, as assumed according to the concept of two soil species. A significant difference, however, was found in the rate of BSA desorption in the late stage of cleaning. Cleaning with the NaOH solution containing Na3PO4 showed a higher rate and efficiency of BSA desorption in the slow desorption phase than cleaning with the NaOH solution alone. The detergency effect of the NaOH solution on BSA removal was improved by the addition of Na3PO4.
For the nonlinear regression analysis using eq. 4, it is necessary to put aside the data in the lag phase, and to give the initial values, i.e., F 0 f and r o S. The graphical method for provisional estimates of r 0 f and r 0 s from the experimental data obtained from cleaning with the NaOH solution alone (Fig. 1) is shown in Fig. 2A . First, the linear portion in the fast desorption phase was extrapolated back to In r 0 (=1.15) to give a provisional zero time (t0 P). Second, the linear por- surfaces within a monolayer coverage, not adopting a bilayer formation. The difference between the binding strengths of BSAf and BSAS may arise from their different conformations and the surface heterogeneity of Al2O3 particles. Ellipsoidal proteins, e.g., BSA, are considered to take a side-on or end-on configuration on solid surfaces (Fair and Jamieson, 1980; Norde and Lyklema, 1978) . BSA is also known to undergo conformational changes reversibly on hydrophilic silica surfaces (Kondo et al. 1991; Norde and Giacomelli, 2000) . Therefore, it is thought that there coexist several different configurations (orientations) of BSA on Al203 surfaces. The adsorption affinity of BSA for oxide surfaces is dominated to a large extent by electrostatic attraction (Fukuzaki et al., 1996) . In addition, BSA is adsorbed on positively charged Al2O3 surfaces (Al-OH2+) via varying numbers of carboxyl groups on the molecule (Urano and Fukuzaki, 2000) . As to the mechanism binding carboxyl groups of organic acids to oxides, it has been reported that not only electrostatic interaction but also direct coordination of one or more oxygen atoms of carboxyl groups to the metal ions of the oxide surface could take place, replacing the surface OH groups singly coordinated to the metal ion, i.e., base OH groups (Filius et al., 1997; Parfitt et al., 1977; Tejedor-Tejedor et al., 1992) . However, details are not known concerning the case of protein adsorption. In any case, a more flattened configuration of BSA can allow a strong interaction with Al2O3 surfaces via the large number of carboxyl groups. Such multiple attachment of BSA is likely to be responsible for the irreversible adsorption. In this connection, Sarkar and Chattoraj (1996) also reported that desorption of BSA from Al2O3 by displacers consisted of two kinetic steps with different rates. They proposed that there exists broadly two types of conformations of BSA at the state of adsorption saturation and discussed that after loosely adsorbed molecules were desorbed, the still remaining molecules may expand laterally, thereby forming more contacts with vacant adsorptive sites. These expanded molecules are expected to be desorbed at a slower rate. On the other hand, the chemical and energetic heterogeneity of solid surfaces, e.g., surface defects, also influences surface reactivity and the distribution of the strength of the binding sites, and hence the adsorption behavior of protein (McGuire and Krisdhasima, 1991; Morimoto et al., 1974; Zhang and Bailey, 1998) . It is possible that BSA molecules which were preferentially adsorbed on the high-affinity sites on AlO3 surfaces might belong to a strongly adsorbed BSA species. Although we are unable to draw definite conclusions concerning the difference between the nature of AlPO42-+ H2O (6) PO4 3-and HPO4 2-are by far the stronger bases than carboxyl groups on the BSA molecule. It may be reasonably assumed that carboxyl groups on BSAS involved in the binding were gradually displaced from adsorptive sites on Al203 surfaces by preferentially adsorbing phosphate ions according to the above reactions (eqs. 5 and 6). The process of displacement by phosphate ions takes place according to adsorption and desorption mechanisms, and a relatively long time is needed to reach a state of equilibrium. A less strongly adsorbed BSAf was more rapidly desorbed by the detergent action of hydroxide ion alone. Therefore, the presence of Na3PO4 in the NaOH solution had no influence on the rate of BSAf desorption. Apart from the displacement process, it is also speculated that phosphate ions could be adsorbed on vacant sites on Al2O3 surfaces during BSA desorption process. The adsorbed phosphate ions in turn might prevent the remaining BSAS molecules from enhancing the occurrence of bonding events on Al2O3 surfaces, as discussed by Sarkar and Chattoraj (1996) , resulting in a higher rate of BSAS desorption.
As well as phosphate, citrate that is used as a sequestering agent is also known to be adsorbed by inner sphere complexation with goehite via ligand exchange (Filius et al., 1997) . In addition, citrate can be adsorbed both on Al2O3 surfaces and on BSA and partially displace the weakly adsorbed BSA from Al203 surfaces at pH5.1 (Urano and Fukuzaki, 1997) . On the other hand, for instance, NO3+ is believed to be adsorbed on Al2O3 surfaces by outer sphere complexation (Hingston et al., 1972; Mustafa et al., 1998) and it cannot displace adsorbed BSA from Al2O3 surfaces at pH 5.1 (Urano and Fukuzaki, 1997) . It is likely that organic and inorganic acids that can be preferentially adsorbed on solid surfaces through ligand exchange over soils might have functions as a displacer for soils at solid-water interfaces.
The results presented here indicated that phosphate ions could compete effectively with BSA for adsorption sites on Al2O3 surfaces during cleaning with 0.05 M NaOH solution. It was found that the detergency effect of Na3PO4 was to accelerate the removal of a slower-desorbing, i.e., more strongly adsorbed BSAS species probably by displacement mechanisms.
